Martini, Sabrina V.; Nascimento, Suzete B.; Morales, Marcelo M.
INTRODUCTION
Rhodnius prolixus is a blood-sucking insect well known by for its importance as vector of Chagas disease, especially in Latin America (Lent and Wygodzinsky 1979) . The protozoa Tripanosoma cruzi, cause of Chagas disease, is transmitted through the insects belonging the Triatominae subfamily, where the Rhodnius prolixus and Triatoma infestans are common vectors. The protozoa are found in the intestinal tract of both vectors (Dias et al. 1997) . Rhodnius prolixus removes from its mammalian host a volume of blood enough to increase its own weight by about tenfold in larval stage and two or three times in the adult insect stage. In this engorged state, the insect is vulnerable to predation and must eliminate the excess of water and salt to reduce its own volume (Maddrell 1976) .
A mixture of about 55% (by volume) of plasma and 45% of cells usually composes the ingested mammalian blood. The mammalian cells have a normal K + rich cytoplasm (150 mEq/l), while the plasma has a high concentration of sodium chloride (Na + : 140 mEq/l and Cl − : 100 mEq/l) (Maddrell and Phillips 1975) . When Rhodnius prolixus takes blood from mammalian host, it ingests a fluid containing blood cells suspended in sodium-rich plasma, which is distinctly hyposmotic (280-300 mOsm/kgH 2 O) to its own hemolymph (370 mOsm/kgH 2 O). To reduce the bulk and concentrate the nutritious part of the meal and, in addition, prevent dilution of its hemolymph, the insect rapidly excretes a markedly hyposmotic fluid of high-sodium content (Maddrell 1976) .
The fi rst essential element in Rhodnius prolixus excretion process is the rapid transport, across the gut epithelia, of sodium chloride-based solution, which is isosmotic, compared to blood meal. The next step is carried 88 SABRINA V. MARTINI, SUZETE B. NASCIMENTO and MARCELO M. MORALES out by the Malpighian tubules (MTs), which are bathed directly by the hemolymph and are divided into two different segments (Figure 1 ). The distal (upper) segment, secretory part of the MTs, under the stimulus of insect diuretic hormones, rapidly transports the fluid from the hemolymph to the MTs lumen (Maddrell 1969 (Maddrell , 1976 . Besides the transported fluid being isosmotic, when compared to the hemolymph, it has much higher potassium content and lower sodium content. The proximal (lower) segment, reabsorptive part of MTs, modifi es the tubular fluid by the transport of hyperosmotic KCl solution from MTs lumen to the hemolymph. This especial transport results in the elimination of a fluid considerably hyposmotic to hemolymph, with a similar potassium content (Maddrell 1964a, b) .
The mechanism of MTs action is attractive from the physiological point of view for two main reasons. The fi rst and more important one is that, during diuresis, these tubules can transport fluids at a very high rate. Secondly, earlier studies have shown that this diuresis is induced by a very potent insect diuretic hormone that causes a 1000-fold post-feeding increase in the rate of fluid transport by MTs (Maddrell 1964a , b, Maddrell et al. 1993 . Rapid elimination of urine usually starts within 2-3 min after feeding and lasts for the next 3h, during which the insect may lose 40-50% of the mass of the ingested meal. After blood meal, the distention of the abdomen is sensed by stretch receptors in the abdominal cuticle, which trigger the release of diuretic hormones by a neuro-secretory system located in the Rhodnius prolixus mesothoracic ganglion and associated abdominal nerves (Maddrell et al. 1993 . It is also suggested by other authors that this fast fluid secretion is interrupted also by the influence of anti-diuretic insect hormones (Quinlan et al. 1997 , O'Donnell and Quinlan 1998 , Gäde 2004 . At the present time only a few antidiuretic hormones are known. The antidiuretic hormones, in contrast with the diuretic hormones are those that decrease the loss of water in the insect from inhibition of the secretions of MTs and/or by reabsorption of ions and water in the hindgut (rectal sacs). Two antidiuretic polypeptides have been isolated from corpora cardica (CC) of the desert locust, Schistocerca gregaria (Gäde 2004): a) the neuroparsins, which act the level of the rectum (Girardie et al. 2001); and b) the iontransport peptide (ITP), which stimulate ions and water reabsorption on the ileum (King et al. 1999) .
As it was shown in the introduction, the insect Rhodnius prolixus has a very effi cient organ of fluid secretion represented by very well adapted MTs. In this review we will discuss the hormonal regulation of fluid transport in the Rhodnius prolixus MTs and the transporters involved in this process.
MALPIGHIAN TUBULES
The Malpighian tubules of insects consist of a long tubular structure formed of a single layer of epithelial cells and closed at on end. Generally, the tubules are free in the hemocoel, which opens into the alimentary canal at the junction of the midgut and hindgut. In Rhodnius prolixus MTs may be discharged directly into the rectum (Stobbart and Shaw 1964) . The tubules vary from 2 mm to more than 100 mm in length and from 30 to 100µm in diameter. In some species, a marked morphological differentiation of the tubules may be evident. For example, the tubules of Rhodnius prolixus there is an evident transition between the distal and proximal portions characterized by a change in the striated border from the honeycomb to the brush-border type (Figure 1 ). Only the distal region is the site of urine secretion and hemolymph fi ltration. The proximal region is a reabsorptive site (Wigglesworth 1931) .
The distal tubule mainly secretes ions (Na + , K + , Cl − ) and water, whereas the proximal tubule reabsorbs K + and Cl − but not water. The osmotic permeability of the proximal third of the proximal tubule is reduced, so water is not reabsorbed along KCl. The combined actions of isosmotic fluid secretion by the distal MTs and KCl reabsorption by the proximal tubule preserve hemolymph osmolality and K + concentration after ingestion of a hyposmotic blood meal (O'Donnell et al. 1982, Haley and Donnell 1997) .
Transport in distal tubule
The distal segment of MTs is responsible for the rapidly transport of isosmotic fluid from the hemolymph to the MTs lumen (Maddrell 1969 (Maddrell , 1964b . There is agreement that, in distal Rhodnius prolixus MTs the primary active ion pump is an apical vacuolar-type H + -ATPase that transfers H + from cell to the lumen (Wieczorek et al. 1989, Maddrell and O'Donnell 1992) . This maintains a proton gradient across the apical membrane that drives movement of cations from cell to lumen via the apical proton exchangers Na + /H + and/or K + /H + (McElwain 1984, Ianowski and O'Donnell 2001) . The H + -ATPase also establishes a favorable electrical gradient for movement of Cl − from cell to lumen, and water movement is a consequence of active ion transport and this process is probably facilitated by water channels. Other transporters, whose role is not fully understood in MTs were described in apical membrane such as the K + -Cl − cotransporter, the urate-anion exchanger, several K + channels and different Cl − channels (Gutierrez et al. 2004) . At the basolateral cell membrane the entry of ions into distal tubule involves a bumetanidesensitive Na + /K + /2Cl − cotransporter, ouabain-sensitive Na + /K + -ATPase and Cl − -HCO 3 − exchanger (O' Donnell et al. 1982 , Gutierrez et al. 2004 .
Transport in proximal tubule
The proximal part of MTs modifi es the fluid formed by distal tubule by the reabsorption of the hyperosmotic KCl solution (Maddrell and Phillips 1975) . The osmotic permeability of the proximal tubule is reduced, so water is not reabsorbed along with KCl (O'Donnell et al. 1982) . The K + reabsorption by the proximal MTs involve an apical H + /K + -ATPase which exchanges luminal K + by cellular H + and it can be inhibited by omeprazole and SCH28080. The movement of K + from proximal tubule cell to hemolymph appears to involve the Ba + -sensitive K + channels (Haley and Donnell 1997). Reabsorption of K + is accompanied by equimolar reabsorption of Cl − . The effects of Cl − channel blockers suggest the presence of Cl − channels mediating movement of Cl − from cell to hemolymph. Movement of Cl − from lumen to cell may involve Cl − /HCO 3 − exchangers that are insensitive to SITS or DIDS (the stilbene derivates are known to affect both Cl − /HCO 3 − exchange processes and channels Cl − , but are inhibited indirectly by acetazolamide (Boron 1983 , Tilmann et al. 1991 , Dijkstra et al. 1995 . Importantly, exchange of Cl − by HCO 3 − prevents acidifi cation of the lumen through operation of the H + /K + -ATPase. Part of the H + and HCO 3 − ions present in the tubule lumen may combine to form H 2 CO 3 , a reaction that is catalyzed by carbonic anhydrase (CA), which dissociate in to H 2 O and CO 2 . The produced CO 2 entry in the cell, re-combines with H 2 O producing H 2 CO 3 (reaction that is also catalyzed by the CA), which contributes to the driving force for Cl − entry in the cell via Cl − /HCO 3 − exchanger (Haley and Donnell 1997).
REGULATION OF MALPIGHIAN TUBULES TRANSPORT
The control of water balance and ionic transport is extremely important for the maintenance of insect homeostasis. A variety of factors have been identifi ed which stimulate or inhibit basal secretion of ions and water transport in the MTs and contribute toward the high rate of transport observed after a Rhodnius prolixus meal (Gäde 2004 , Spring 1990 ). Among several hormones and peptide we will discuss the most important, such as: A) Serotonin or 5-hydroxytryptamine (5-HT); B) The Corticotropin-Releasing Factor; C) Kinin); D) Cardioacceleratory Peptides (CAPs).
Serotonin or 5-hydroxytryptamine (5-HT)
Since nerves are not connected to MTs, the regulation of this epithelial transport is mediated via intrinsic mechanisms and via messengers that circulates in the hemolymph. After Rhodnius prolixus blood meal, distension of the abdomen is observed. The abdominal distention is sensed by stretch receptors in the abdominal cuticle, which trigger the release of serotonin and diuretic peptides from a variety of potential sources, including neurons located in the central nervous system, mesothoracic ganglia and the corpus cardiacum (Chiang and Davey 1988) .
It was demonstrated before that serotonin, a well know neurohormone, is released into the hemolymph of a fed Rhodnius prolixus within one minute after feeding starts (Maddrell 1963 ). The serotonin is produced by, and released from a neurosecretory system located in the Rhodnius prolixus mesothoracic ganglion mass and associated abdominal nerves, and the serotonin content of secretory system is reduced during feeding . The fi ve serotonin-like immunoreactive dorsal unpaired median (DUM) neurons were found to represent a subpopulation in a group of ten DUM neurons located in the mesothoracic ganglionic mass and associated with the abdominal nerves.
Each abdominal nerve receive projections from two DUM neurons, only one of which was serotonin-like immunoreactive. The fi ve DUM neurons in Rhodnius prolixus appear to represent a subpopulation of DUM neurons containing serotonin ).
During feeding in Rhodnius prolixus, serotonin concentration increases rapidly in the hemolymph from the low values found in the resting insect. It reaches a peak concentration of about 10 −7 mol×l −1 after 5 min and then steadily declines to a proximal level by 1h after start of feeding ). The increased hemolymph serotonin concentration is correlated with an elevated rate of diuresis in Rhodnius prolixus (Maddrell 1991) . Was found that Rhodnius prolixus MTs have receptors for serotonin that can be blocked by ketanserin and spiperone, known in vertebrate systems to be specifi c blockers for a particular subclass of serotonin receptors (Berridge 1972). The serotonin activates adenylate cyclase in cell membrane isolated from MTs of Rhodnius prolixus, increasing cyclic AMP second messenger. Isolated MTs can be stimulated to secrete at the maximal rate by addition of exogenous cAMP to the bath saline solution (Maddrell 1991) . Montoreano et al. 1990 examined the fluid secreted by Rhodnius prolixus and detected that cAMP was released in the rectal ampulla, suggesting that it could be an important factor in the in vivo metacyclogenesis of Trypanosoma cruzi.
Stimulation of MTs with serotonin produces a characteristic triphasic change in transepithelial potential (TEP) (Ianowski and O'Donnell 2001) . The TEP initial value is approximately −25 mV, lumen negative in not stimulated tubules. Upon stimulation with serotonin the TEP shifts from −33 mV in phase 1 to +30 mV in phase 2 and −32 mV in phase 3. Each of the three phases of the electrical signal is attributed to the activation of a particular ion transporter. There are only minor changes in basolateral membrane potential in response to serotonin, so the changes in transepithelial potential primarily reflect changes in apical membrane potential. Ion substitution and pharmacological experiments suggest that the three phases of the response of transepithelial potential to serotonin correspond to sequential activation of an apical chloride channel, an apical vacuolar type H + ATPase and a basolateral Na + : K + : 2Cl − cotransporter (Ianowski and O'Donnell 2001).
The Na + /K + -ATPase participates in transepithelial transport and cell volume regulation in MTs of Rhodnius prolixus (Caruso-Neves et al. 2001) . Serotonin, the primary diuretic agent in Rhodnius prolixus released during meal, inhibits the Na + /K + pump, thereby bringing about the stimulation of transepithelial Na + secretion (Grieco and Lopes 1997). The inhibition is thought to increase intracellular Na + concentration, causing Na + and water movement to the lumen of the tubule and thus increasing the rate of fluid secretion. This hypothesis is supported by observation that ouabain increases the fluid secretion in isolated and unstimulated MTs (Nicolson 1993).
That transepithelial secretion continues in the presence of ouabain confi rms the central role of the Vtype H + -ATPase in powering transepithelial transport (Ianowski and O'Donnell 2001, Beyenbach et al. 2000) .
Serotonin and water transport
Serotonin has also an important function in water transport in Rhodnius prolixus MTs. Cells membranes are exquisitely selective barriers that control the solute composition of enclosed compartments by regulating the entry of ions, solutes and water into cells. In general, osmotic forces drive water through the plasma membrane via selective channels called aquaporins (AQP) that are responsible for the rapid water fluxes through cell membranes (Agre et al. 1993 , Borgnia et al. 1999 .
Aquaporins are widely distributed in different species, and different homologues have been identifi ed in several mammalian tissues (Borgnia et al. 1999 ). Paracellular and transcellular routes have been proposed to explain transepithelial water movement in MTs of insect Rhodnius prolixus (Whittembury et al. 1986 , Hernandez et al. 2001 . Studies have indicated that the osmotic water permeability, both basal and serotonin stimulated, of basolateral membrane of Rhodnius prolixus MTs can be inhibited partially with mercurial reagents, suggesting that AQPs may be implicated in water secretion in this epithelium (Whittembury et al. 1986 , Echevarria et al. 2001 . Using the Xenopus laevis oocytes expression system the same authors provide evidences that this transport is secondary to water permeability via aquaporins. The aquaporin related gene was cloned from Rhodnius prolixus MTs and called RP-MIP (Echevarria et al. 2001) . Water secretion through MTs is essential for the transmission of the protozoa Tripanosoma cruzi, cause of Chagas disease. The Tripanosoma cruzi is transmitted by Rhodnius prolixus (Dias et al. 1997) and it is found in the intestinal tract. The protozoan transmission to mammalian host occurs after blood sucking leading to stimulation of MTs secretion and increases the volume of feces in the rectum stimulating defecation, which excrete the parasites (Fistein and Chowdhury 1969, Kollien and Schaub 1998) .
It is generally accepted that water movement is secondary to ion transport in MTs. The ion movement creates the osmotic force necessary to water transport. The pathway of water movement has been investigated experimentally in the distal tubule of Rhodnius prolixus, in which stimulation of fluid secretion by serotonin did not increase the already high osmotic permeability. Fluid secretion rates in the distal MTs appear to be regulated by changes in solute transporters (O'Donnell et al. 1982) . In addition, our group recently demonstrated in Rhodnius prolixus MTs that water transporter can also be regulated by insect involved diuretic. We showed that after 6 hours of MTs incubation with serotonin or cAMP, time enough to see the increase of messenger RNA after stimulation with hormones for many genes (Hasler et al. 2003 ) an increase of approximately 2 folds in the expression of Rp-MIP mRNA is observed (Martini et al. 2004 ). But stimulation with both cAMP and serotonin was not able to additionally increase the levels of mRNA message (Martini et al. 2004 ). These results are in agreement with other authors that demonstrated the raise of serotonin concentration by about three times within the hemolymph just after 5 minutes of Rhodnius prolixus blood feeding. This changes lead to an augmented hemolymph cyclic AMP leading to an increased diuresis .
THE CORTICOTROPIN-RELEASING FACTOR
The corticotropin-releasing factor related diuretic hormone family (CFR-related DH) is also able to increase cyclic AMP content, transepithelial potential and rate of secretion in insect MTs (O'Donnell et al. 1996 , Coast et al. 2002 . These peptides have some structural resemblance to the vertebrate CRFs, which include urotensin, urocortin, and sauvagine. CFR-related DHs have been isolated from locusts, crickets, cockroaches, termites, beetles, mosquitoes, fly and sphingid moths (Coast et al. 2002) .
Using fluorescence immunohistochemistry and immunogold labeling with antibodies to the Locusta CRF like diuretic hormone (Locusta-DH), Te Brugge et al. 1999 have mapped the distribution of neurones displaying this phenotype in Rhodnius prolixus. Strong Locusta-DH-like immunoreactivity was found in numerous neurons of the central nervous system (CNS) and, in medial neurosecretory cells of the brain and in posterior lateral neurosecretory cells of the mesothoracic ganglionic mass (MTGM). Positively stained neurohemal areas were found associated with the corpus cardiacum (CC) and on abdominal nerves.
Extracts of the CC and abdominal nerves caused an increase in the rate of secretion and an increase in the level of cyclic AMP in the MTs of fi fth-instar (the last larval stage) Rhodnius prolixus. The presence of the peptide in neurohemal terminals of the CC and abdominal nerves that are distinct from serotonin-containing terminals indicates that the peptide is capable of being released into the hemolymph and that this release can be independent of the release of serotonin (Te Brugge et al. 1999) . CRFlike peptides have been demonstrated to increase the rate of cAMP contend and also Rhodnius prolixus MTs fluid secretion. In this context it was suggested that serotonin and CRF-like peptide act synergistically to accelerating fluid secretion by the MTs and stimulating adenylate cyclase from the tubules (Maddrell et al. 1993 , Te Brugge et al. 1999 ).
KININ
Kinin peptides were originally isolated from the cockroach, having activity on hindgut. These peptides have been shown to increase the rate of secretion of isolated MTs of several species of insects. Kinin-like peptides are co-localized with CRF-like peptides in neurohemal sites on the abdominal nerve. The kinin-like peptide is released in the hemolymph after blood meal, but this peptide do not stimulated secretion from isolated MTs in Rhodnius prolixus (Te Brugge et al. 2002) .
CARDIOACCELERATORY PEPTIDES (CAPS)
Cardioacceleratory Peptides (CAPs) are neuropeptides originally isolated from CNS of tobacco hawk moth Manduca sexta. The CAPs act as cardiostimulatory neurohormones and influence various stage-patterns of behavior in Manduca (Tublitz et al. 1991 , Te Brugge et al. 2002 . The CAPs have also been implicated in the control of fluid secretion by the Malpighian tubules of Drosophila melanogaster, in the control of heart and gut activity in Locusta migratoria, and in the regulation of cardiac activity in crustaceans (Davies et al. 1995 , Stangier et al. 1988 ).
Early biochemical studies using low-pressure column chromatography fractionated the CAPs into two distinct groups, CAP 1 and CAP 2 which are subdivided into at least two CAP 1 s (1a and 1b) and three CAP 2 s (2a, 2b and 2c) Truman 1985a, b, c, Cheung et al. 1992 ).
The peptide CAP2b stimulates tubule fluid secretion via the cGMP second messenger system in Drosophila (Davies et al. 1995) . It has been suggested that modulate a vacuolar-type H + -ATPase (O'Donnell et al. 1996) . Exogenous cGMP is effective at doses as low as 3.5µmolxl −1 in Drosophila melanogaster, and tubule levels of this nucleotide are elevated by both nitric oxide and cardioactive peptide (CAP 2b ) isolated originally from the hawkmoth Manduca sexta (Davies et al. 1995) .
Opposed to these fi ndings, Quinlan et al. 1997 showed that cardioacceleratory peptide 2b (CAP 2b ) or cGMP are powerful inhibitors of fluid secretion from MTs. They suggest that CAP 2b act as an antidiuretic hormone in Rhodnius prolixus and that effects are mediated by cGMP. This inhibition can be reversed by application of high concentration of cAMP. Secretion rates of serotonin stimulated MTs are suppressed by low doses of CAP 2b or cGMP. The intracellular levels of cGMP in isolated MTs increased in response to CAP 2b , suggested that cGMP may act as an intracellular second messenger for CAP 2b in Rhodnius prolixus. In addition, tubule cGMP level increase as urine output from fed Rhodnius prolixus declines, consistent with a physiological role for cGMP in termination of diuresis. 
CONCLUSION
In this review we discussed the importance of Rhodnius prolixus MTs as a very interesting model of study of ion and water transport regulated by hormones and different peptides. Between meals Rhodnius prolixus MTs cells are in the quiet period (between meals) were the fluid transport is a thousand times more slowly than during the action of diuretic peptides (after meal). Those peptides are able to increase Rhodnius prolixus MTs fluids transport at rates several times higher than any epithelial cells of their host. The transport regulation of MTs is certainly one of the key points for insect homeostasis and, certainly, it is also important for Trypanosoma cruzi transmission. 
